The "glutamatergic" granule cells of the dentate gyrus transiently express a GABAergic phenotype when a state of hyperexcitability is induced in the adult rat. Consequently, granule cell (GC) activation provokes monosynaptic GABAergic responses in their targets of area CA3. Because GABA exerts a trophic action on neonatal CA3 and mossy fibers (MF) constitute its main input, we hypothesized that the GABAergic phenotype of the MF could also be transiently expressed early in life. We addressed this possibility with a multidisciplinary approach. Electrophysiological recordings in developing rats revealed that, until day 22-23 of age, glutamate receptor antagonists block the excitatory response evoked in pyramidal cells by GCs, isolating a fast metabotropic glutamate receptor-sensitive GABAergic response. In a clear-cut manner from day 23-24 of age, GC activation in the presence of glutamatergic antagonists was unable to evoke synaptic responses in CA3. Immunohistological experiments showed the presence of GABA and GAD 67 (glutamate decarboxylase 67 kDa isoform) in the developing GCs and their MF, and, using reverse transcription-PCR, we confirmed the expression of vesicular GABA transporter mRNA in the developing dentate gyrus and its downregulation in the adult. The GABAergic markers were upregulated and MF inhibitory transmission reappeared when hyperexcitability was induced in adult rats. Our data evidence for the first time a developmental and activity-dependent regulation of the complex phenotype of the GC. At early ages, the GABAergic input from the MF may add to the interneuronal input to CA3 to foster development, and, in the adult, it can possibly protect the system from enhanced excitability.
Introduction
During the first postnatal week, GABA exerts a depolarizing effect on CA3 hippocampal neurons, enabling NMDA receptors to activate . From the second week, GABA exerts an inhibitory action (Gaiarsa et al., 1995; Ganguly et al., 2001) , after which pyramidal cells reach adult features (Bayer, 1980) . Thus, it has been proposed that the GABAergic input onto CA3 cells, thought to be originated in hilar and CA3 interneurons, exerts a trophic effect during development (Ben-Ari et al., 1994 .
In the adult rat, the "normally glutamatergic" granule cells (GCs) of the dentate gyrus (DG) transiently express a GABAergic phenotype in an activity-and protein synthesis-dependent manner (Schwarzer and Sperk, 1995; Lehmann and Löscher, 1996; Sloviter et al., 1996; Lamas et al., 2001; Ramírez and Gutiérrez, 2001; Gó mez-Lira et al., 2002; Gutiérrez, 2002) , giving rise to GABAergic transmission from the mossy fibers (MFs) onto their targets in CA3 (Gutiérrez, 2000 (Gutiérrez, , 2002 Gutiérrez and Heinemann, 2001; Romo-Parra et al., 2003) .
If as suggested, MFs release GABA besides glutamate, pyramidal cells could be driven by the MF-GABAergic signaling as well during development and could constitute an effective means to support the glutamate-GABA synergism on developing postsynaptic cells . Therefore, we hypothesized that GCs could normally express their GABAergic phenotype during development, when GABA is needed to exert a trophic input to pyramidal cells adding to the GABAergic input of the hilar and CA3 interneurons. After completion of development, the expression of the GABAergic phenotype could be downregulated to establish the adult interneuron-mediated disynaptic inhibition onto CA3 targets. It is noteworthy that this possibility can also explain data showing that MF-GABAergic transmission is normally present in slices of young guinea pigs (Walker et al., 2001) . We addressed this possibility and found that GABAergic markers are expressed in the GCs early in life, and MFGABAergic transmission is normally observed in rats until day 22-23 of age. Strikingly, from this day on, activation of the GCs in the presence of glutamatergic antagonists no longer evokes synaptic responses in pyramidal cells while the GABAergic markers are downregulated. The induction of hyperexcitability reestablishes MF-GABAergic transmission and GABAergic markers expression.
Materials and Methods
We used Wistar rats of 6, 10, 15, 20, 22, 23 , and 25 d and 1 and 2 months of age. Combined entorhinal cortex-hippocampus slices (400 m) were obtained and maintained at room temperature (22°C) in oxygenated artificial CSF (ACSF) containing the following (mM): 124 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 2 MgSO 4 , 2 CaCl 2 , 26 NaHCO 3 , and 10 glucose, pH 7.35.
Electrophysiological experiments. After incubating the slices with ACSF at 35 Ϯ 0.5°C for 1 hr in an air-liquid interface recording chamber, we recorded intracellular activity of pyramidal cells over area CA3a with glass microelectrodes (resistance, 60 -80 M⍀; filled with 2 M potassium acetate) ( Fig. 1 1 A) . An AxoClamp 2B amplifier and pClamp8 software (Axon Instruments, Foster City, CA) were used for acquisition and analysis. For GC activation, single-pulse stimulation (duration of 0.1 msec) was delivered with a patch pipette (1 M⍀, filled with ACSF) over the GC layer of the DG (Fig. 1 A) , at an intensity that evoked an EPSP with 60 -70% of the amplitude required to make the cell fire action potentials. For interneuron activation, a patch pipette was placed 200 -300 m away from the recording electrode over the limit of the strata pyramidale and lucidum. To induce MF-GABAergic transmission in adult preparations, three 1 sec trains of 0.1 msec pulses at 100 Hz (intertrain interval of 1 min) were delivered every 15 min for 3 hr over the perforant path at an intensity at which test pulses provoked 50% of maximal field potential amplitude in the DG (Gutiérrez, 2002) .
The drugs used were diluted in the ACSF: the NMDA receptor antagonist (DL)-2-amino-5-phosphonovaleric acid (APV) (30 M; Tocris Cookson, Ballwin, MO); the non-NMDA receptor antagonist 6-nitro-7-sulfamoylbenzo (f)quinolaxine-2,3-dione (NBQX) (10 M; Tocris Cookson); the GABA A receptor antagonist bicuculline methiodide (20 M) (Sigma, St. Louis, MO); and the group III metabotropic glutamate receptor (mGluR) agonist L(ϩ)-2-amino-4-phosphonobutyric acid (L-AP-4) (10 M; Tocris Cookson).
Immunohistological experiments. GAD 67 (glutamate decarboxylase 67 kDa isoform) and GABA immunoreactivity (IR) was analyzed in hippocampal slices of four animals of each age group as mentioned above plus a group of 24 d, as described previously (Ramírez and Gutiérrez, 2001) . Briefly, slices were fixed in paraformaldehyde at 4% in PBS, cryoprotected in 30% sucrose, and then frozen and cut at 14 or 30 m in a cryostat at Ϫ20°C. They were incubated in the presence of rabbit GAD 67 antibody (1:1000; Chemicon, Temecula, CA) and then in the presence of goat anti-rabbit IgG coupled to FITC (Vector FI-1000, 1:400; Vector Laboratories, Burlingame, CA). Detection of GABA-IR was done with a rabbit polyclonal antibody (Sigma; A2052; 1:1000 dilution) and a donkey biotynilated anti-rabbit IgG (RPN 1004; 1:300 dilution) and further incubated with FITCstreptavidin (Zymed 43-4311; 1:200 dilution; Zymed, San Francisco, CA). Selected sections were analyzed (usually 14 optical sections of 1 m) with a scanning confocal microscope (MRC 1024; Bio-Rad, Hercules, CA). Images were acquired with an excitation wavelength of 488 nm (Confocal Assistant; Tood Clark Brelje), and a densitometric analysis was conducted (Metamorph Imaging System; Universal Imaging Corporation, West Chester, PA) over two sites (CA3a and CA3b) of the stratum lucidum in four slices of each of three animals at 15, 22, 23, 24, and 30 d of age at high amplification (60ϫ). Immunofluorescence, expressed in arbitrary units of pixel gray values, was averaged per age group and scaled for graphical representation with a minimal and maximal relative value at 30 and 15 d of age, respectively. For control purposes, each experiment included a slice processed in the absence of the primary antibody.
Vesicular GABA transporter mRNA analysis. The semiquantitative determination of vesicular GABA transporter (VGAT) mRNA has been described previously (Lamas et al., 2001 ). In brief, it was analyzed by PCR coamplification with the endogenous internal standard gene hypoxanthine-guanine phosphoribosyltransferase (HPRT) from the granular cell layer of the DG dissected from two 500-m-thick hippocampal slices from each of three rats at 6, 10, and 15 d and 2 months of age. The primer set for VGAT was designed to amplify bases 471-1120 of the rat coding sequence (McIntire et al., 1997) . VGAT oligonucleotide primers were designed so as to bind to different exons allowing amplification products derived from cDNA and completely avoiding contaminating genomic DNA. The primer set that targets the constitutively expressed gene HPRT amplifies a 370 bp PCR fragment. Samples of the different age groups were processed simultaneously and blindly analyzed by triplicate. The number of PCR cycles was fixed to yield a constant HPRT signal in all groups for each experiment. After PCR, the DNA products were electrophoresed on 1.2% agarose gels and stained with ethidium bromide. They were placed on a UV transilluminator and photographed with Polaroid-type 667 instant film. Photographs were subjected to densitometric analysis using LabWorks 4.0 software (UVP, Upland, CA).
Results

Electrophysiological experiments
In 6-d-old preparations, pyramidal cells responded to DG activation with a monophasic depolarizing potential, which was partially blocked by NBQX plus APV (n ϭ 9) (Fig. 1 B) . The remaining depolarizing component could be blocked by bicuculline (n ϭ 6) (Fig. 2 A) . From day 10 of age on, DG stimulation provoked depolarizing and hyperpolarizing postsynaptic potential sequences (EPSP/IPSP) (Fig. 1 B) . On perfusion of NBQX plus APV, the EPSP was completely blocked and a fast bicucullinesensitive IPSP was uncovered in all of the recorded cells from slices of 10-, 15-, and 20-d-old rats (n ϭ 90) (Figs. 1 B, 2A) . The same responses were obtained in two electrophysiologically identified interneurons in a 10-d-old preparation (data not shown). The latencies of the pharmacologically isolated IPSPs for each age were not different from those of the corresponding control EPSPs. Thus, the mean latency difference of the EPSP and The reversal potential of the bicuculline-sensitive depolarizing potential determined at 6 d was Ϫ46.5 Ϯ 5.1 (mean resting membrane potential, Ϫ69.6 Ϯ 1.8 mV; n ϭ 9) and of the IPSPs in 10-, 15-, 20-, and 22-d-old rats was Ϫ68 Ϯ 1.6 mV (mean resting membrane potential, Ϫ64.5 Ϯ 1.2 mV; n ϭ 116) (Fig. 1C) . The rise time (10 -90%) of the control EPSP for each age was as follows (in msec): 6 d, 9.11 Ϯ 0. (Fig. 2 A) .
After 25 d of age, synaptic responses provoked by DG stimulation were completely blocked by NBQX plus APV (n ϭ 150) ( Fig. 1 B, C) . To determine the time at which the monosynaptic MF-GABAergic responses disappear, we recorded from 22-and 23-d-old rats. At age 22 d, 26 of 29 cells, and at age 23 d, 4 of 30 cells responded with a monosynaptic IPSP to MF activation during glutamatergic blockade, indicating that this response shuts off in a clear-cut manner (Figs. 1C, 2B ). Because MF-GABAergic transmission can be induced in an activity-dependent manner in adult rats (Gutiérrez, 2002) , we recorded from pyramidal cells of slices subjected to the induction protocol (see Materials and Methods) and corroborated that NBQX plus APV blocked the EPSP evoked by GC activation, isolating monosynaptic GABAergic responses in 30 of 30 cells tested (Fig. 1 D) .
VGAT mRNA expression
Because the activity-dependent expression of MF-GABAergic transmission correlated with that of VGAT mRNA in adult rats (Lamas et al., 2001) , we explored its level of expression in the DG of developing rats. We found that, at the ages when MFGABAergic transmission is detected (6, 10, and 15 d), a steady expression of the VGAT mRNA was observed in all of the rats of each age group. In contrast, in the DG of young adult rats (2 months old), in which GABAergic transmission is not observed, VGAT mRNA is barely detected (Fig. 2C) .
Immunohistological experiments
In slices of 6-, 10-, 15-, and 20-d-old rats, GABAimmunoreactive cells with characteristics of GCs were detected within the stratum granulosum of the DG (Fig. 3A) . They had a round cell body, with a defined big nucleus and dendritic projections toward the stratum moleculare of the DG and the putative axonal projection toward the hilus. Although GABAimmunoreactive cells were detected along the whole extension of the stratum granulare, not all cells were GABA immunoreactive. Also, basket cells in the inner layer of the DG and interneurons in the hilar or molecular regions were apparent, which clearly differed in shape and orientation. In young adult rats, GABAimmunoreactive GCs were seldom detected, but interneurons in the hilus and stratum moleculare could be clearly observed (Fig.  3B) . On the other hand, a clear GAD 67 -IR was observed in the MF of developing rats that progressively diminished with age (Figs.  2B, 3) . From approximately day 24 -25, GAD 67 -immunoreactive terminals were observed around pyramidal cells of CA3, but staining of the stratum lucidum was barely seen (Fig. 3D) . The control slices that were processed in the absence of the primary antibody did not present immunoreactivity (data not shown).
Discussion
We show that the "normally glutamatergic" GCs transiently express a functional GABAergic phenotype during development and after the establishment of hyperexcitability in the adult. A low expression of GAD 67 , GABA, and VGAT mRNA is normally found in GCs and their terminals (Sandler and Smith, 1991; Sloviter et al., 1996; Lamas et al., 2001) , and seizures (Schwarzer and Sperk., 1995; Lehmann et al., 1996; Sloviter et al., 1996; Lamas et al., 2001; Gó mez-Lira et al., 2002) or LTP-like stimulation (Lamas et al., 2001; Ramírez and Gutiérrez, 2001 ) upregulate their expression. Accordingly, activity-and protein synthesisdependent induction of monosynaptic MF-GABAergic signaling onto CA3 is observed (Gutiérrez, 2000 (Gutiérrez, , 2002 Gutiérrez and Heinemann, 2001; Gutiérrez, 2002; Romo-Parra et al., 2003) . Also, in agreement with the idea that GCs release GABA, Walker et al. (2001) showed monosynaptic MF-GABAergic transmission to be normally present in slices from young guinea pigs. These results, however, were in conflict with our previous results in that no activity-dependent mechanisms seem to be involved in MFGABAergic transmission. With our present evidence, we show that the developmental stage is the determining factor underlying these apparent conflicting results and establish that developmental and activity-dependent mechanisms underlie this phenomenon.
Our electrophysiological evidence demonstrates that fast mGluR-sensitive GABAergic transmission can be evoked in CA3 by MF activation at early ages. On day 6 of age, MF activation evokes an NBQX plus APV-insensitive depolarizing response that can be blocked by bicuculline and whose reversal potential coincides with GABAergic responses at this age (Ganguly et al., 2001) . Thereafter, MF activation provokes hyperpolarizing GABAergic responses that disappear in a clear-cut manner on day 23-24 of age. Both the early depolarizing and hyperpolarizing MF-GABAergic potentials are strongly inhibited by the type III mGluR agonist L-AP-4, which presynaptically inhibits MFGABAergic transmission (Gutiérrez, 2000 (Gutiérrez, , 2002 Walker et al., 2001; Romo-Parra et al., 2003) . This is a reliable test to identify neurotransmission of MF origin because these receptors are located in MF terminals (Ohishi et al., 1995) . On the other hand, GABAergic responses of interneuronal origin are not affected by mGluR activation (Walker et al., 2001; Romo-Parra et al., 2003) . Additional investigation is needed to establish whether glutamate and GABA are released from the same MF terminal and how the proportion of release of both amino acids varies during development.
The release of GABA from MF in the developing rat has possibly been observed (Ben-Ari et al., 1989) but not identified as such. In developing rats, giant synchronous discharges appear that are primarily mediated by GABA A receptors and by MF synaptic input. Interestingly, the selective lesion of the DG blocks most of the excitatory drive to these cells (Henze et al., 1997) , suggesting that MF-GABAergic input can be disrupted. Activation of GABA and glutamate receptors happens in synergy in developing rats, because a strong excitatory drive is needed to activate NMDA receptors . Therefore, it is tempting to speculate that MF-GABAergic transmission possibly contributes to the development of CA3 neurons. Interestingly, the clear-cut shut off of MF-GABAergic responses happens on day 22-23, 2 weeks after GABA has ceased to exert depolarizing actions. This suggests that MF-GABAergic transmission accompanies the morphological maturation of pyramidal cells possibly until the completion of the development of dendrites and spines, which happens at approximately the same time (Ben-Ari, 2001 ).
In direct correspondence, VGAT mRNA is expressed in the DG of young animals but barely detected when MF-GABAergic transmission is no longer observed. However, MF-GABAergic transmission reappears when hyperexcitability is induced and VGAT mRNA expression is, therefore, upregulated (Lamas et al., 2001) . Also, contrary to adult preparations, GABAimmunoreactive putative GCs are detected in the DG, and GAD 67 is clearly observed in the MF of young animals. In our analysis, although some GABA-immunoreactive cells are likely to be basket cells Seress, 1983, 1988) , some cells with typical features of GCs are GABA immunoreactive. Granule cells originated at different postnatal ages coexist (Gaarskjaer, 1985) , and it seems probable that the younger GCs in the adult, which lie in the inner portion of the GC layer in the developing rat (Altman and Bayer, 1990) , are those that express GABAergic markers. It is suggestive that MF innervation of CA3 neurons seems to be more abundant during development and MF extensions are longer by day 14 than in the mature animal (Amaral and Dent, 1981) . This could explain why not all GCs need to express GABA. More indicative for the GABAergic phenotype of the MF pathway was its clear GAD 67 -IR observed in the young animals and its downregulation at approximately the same time when DG-to-CA3 disynaptic inhibition is established. Dupuy and Houser (1996) have shown a shift in the intracellular distribution of GAD 67 from cell bodies to terminal-like structures at late prenatal to early postnatal ages and have suggested that the GAD 67 -containing terminallike structures identified early in life, adjacent to the pyramidal layer in CA3, are likely to be the source of GABA for developmental functions. Finally, for MF-GABAergic transmission to occur, GABA A receptors must be in the subsynaptic site. Interestingly, in cultured pyramidal cells, GABA A receptors cluster apposed to glutamatergic presynaptic elements, suggesting the hypothesis that there is an element common to GABA and glutamate synapses (Rao et al., 2000) . It is therefore likely that pyramidal cells do normally have GABA receptors in apposition to MF inputs, which explains why fast MF-GABAergic synaptic responses can be normally seen in the developing rat and induced in the adult.
The developmental plasticity of MF-GABAergic transmission that we have evidenced reflects the suggested transient expression of the GABAergic phenotype of cells within the DG at early ages Houser, 1996, 1997) . This, together with data showing a sequential formation of functional GABA A and glutamatergic synapses (Hennou et al., 2002) , put our data in a developmentally relevant perspective. We propose that the complex expression of GC phenotype contributes to developmental and protective functions. This idea has received increasing support and proves that the phenotypic plasticity is put in play in response to environmental influences (Cao et al., 1996) . The enhanced excitability of a GABA-releasing MF pathway goes in line with the protection of principal cells in the hippocampus (Holmes et al., 1999; Haas et al., 2001 ) and hilar neurons of young animals (Ribak and Navetta, 1994) , which in general are less prone to the deleterious effects of seizures.
